Spinal sensory (dorsal root ganglion; DRG) neurons display slowly inactivating, tetrodotoxin-resistant (TTX-R), and rapidly inactivating, TTX-sensitive (TTX-S) Na currents. Attenuation of the TTX-R Na current and enhancement of TTX-S Na current have been demonstrated in cutaneous afferent DRG neurons in the adult rat after axotomy and may underlie abnormal bursting. We show here that steady-state levels of transcripts encoding the ␣-SNS subunit, which is associated with a slowly inactivating, TTX-R current when expressed in oocytes, are reduced significantly 5 days following axotomy of DRG neurons, and continue to be expressed at reduced levels, even after 210 days. Steady-state levels of ␣-III transcripts, which are present at low levels in control DRG neurons, show a pattern of transiently increased expression. In situ hybridization using ␣-SNS-and ␣-IIIspecific riboprobes showed a decreased signal for ␣-SNS, and an increased signal for ␣-III, in both large and small DRG neurons following axotomy. Reduced levels of ␣-SNS may explain the selective loss of slowly inactivating, TTX-R current. The abnormal electrophysiological properties of DRG neurons following axonal injury thus appear to ref lect a switch in Na channel gene expression.
Multiple voltage-gated Na currents with different kinetics and voltage dependence have been observed in spinal sensory (dorsal root ganglion; DRG) neurons, which relay signals from peripheral receptors into the central nervous system. These include rapidly inactivating, TTX-sensitive (TTX-S) currents, and slowly inactivating, TTX-resistant (TTX-R) Na currents (1) (2) (3) (4) . Interplay of the currents influences the firing properties of DRG neurons (5) (6) (7) (8) and may contribute to ectopic generation of action potentials in these cells following injury to their axons within peripheral nerves (9) .
Neural Na channels are heterotrimers composed of an ␣ subunit and two ␤ subunits, ␤1 and ␤2 (10 -12) . Nucleotide sequence variation allows identification of ␣ subunits within single neurons by in situ hybridization (ISH) or in a cDNA pool using reverse transcriptase-PCR (RT-PCR) and restriction enzyme polymorphism (REP). ISH and RT-PCR͞ REP analyses have demonstrated that transcripts of multiple channel ␣ subunits, including ␣-I, ␣-II, NaG, Na6, and hNE (PN1), are expressed in single DRG neurons (13) . The expression of these transcripts may explain the diversity of Na currents in these cells. Recently, a novel ␣ subunit [␣-SNS (14) , also termed PN3 (15) ] was identified and found to be restricted to peripheral sensory neurons. ␣-SNS contains a serine at a site within domain I which has been shown, by site-directed mutagenesis, to confer resistance to TTX in the cardiac muscle Na channel (16) . Expression of ␣-SNS cRNA produces a slowly inactivating, TTX-R current in Xenopus oocytes, suggesting that ␣-SNS is responsible for a TTX-R Na current in DRG neurons (14, 15) .
Altered neuronal excitability has been demonstrated following axonal transection (17) (18) (19) and may underlie abnormal DRG bursting associated with pain syndromes (9, 20) . Abnormal somatodendritic excitability following axotomy is Na dependent (21, 22) , and it has been suggested that this is due to a shift, following axotomy, in vectorial transport of Na channels (23, 24) . Recent experiments, however, demonstrated an attenuation of slowly inactivating, TTX-R currents and simultaneous enhancement of rapidly inactivating, TTX-S Na currents in large cutaneous afferent neurons following axotomy (25) . This suggests an alternative mechanism, which could alter neuronal excitability-i.e., a switch in the types of Na channels that are expressed. Consistent with a switch in Na channel synthesis, transcripts encoding the ␣-III subunit, which are present at only very low levels in control DRG neurons, are expressed at moderate-to-high levels in axotomized DRG neurons together with elevated levels of ␣-I and ␣-II mRNAs (26) . However, the effect of axotomy on other Na channel transcripts has not been examined, and a correlate for the reduced TTX-R currents following axonal injury has not been identified.
On the basis of our electrophysiological observations (25), we hypothesized that levels of ␣-SNS would decrease following axotomy of DRG neurons. To test this hypothesis, we used RT-PCR and ISH to study steady-state levels of ␣-SNS and ␣-III at specific time points following axotomy. Here we report a reduction in ␣-SNS transcripts that appears to explain the loss of the slowly inactivating, TTX-R Na currents in cutaneous afferent DRG neurons following axotomy. Further, we show that ␣-SNS levels are decreased in small, as well as large, DRG neurons following axotomy, suggesting that a reduction in slow, TTX-R currents may contribute to abnormal excitability of nociceptive neurons following axonal injury.
MATERIALS AND METHODS
Surgical Techniques. Adult female Sprague-Dawley rats were anesthetized with ketamine͞xylazine; sciatic nerves were exposed at mid-thigh level on the lesioned (A) side, ligated with 4-0 silk sutures, transected, and placed in a silicon cuff to prevent regeneration (27) . The contralateral sciatic nerve served as control (C). Two rats were prepared for time points 1, 3, 14, 58, and 210 days post axotomy (dpa); four rats were prepared for time points 5, 7, and 21 dpa. Following CO 2 narcosis and decapitation, axotomized and
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control L4 and L5 DRGs were collected in separate Microcentrifuge tubes.
RNA Extraction. Total cellular RNA was isolated by the single-step guanidinium isothiocyanate͞acid phenol procedure (28) . Extraction buffer was used at 25 l͞mg of tissue (the two DRG pairs averaged 10 mg of wet weight). RNA concentration was determined by absorbance measurements at 230, 260, and 280 nm. The quality of the RNA was assessed by electrophoresis in a 1% agarose͞2.2 M formaldehyde gel. First-strand cDNA was reverse-transcribed in a 50-ml final volume using 2 g of total RNA, 1 mM random hexamer (Boehringer Mannheim), 500 units of SuperScript II reverse transcriptase (Life Technologies), and 100 units of RNase Inhibitor (Boehringer Mannheim). The buffer consisted of 50 mM Tris⅐HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, and 5 mM dNTP. The reaction was allowed to proceed at 37ЊC for 90 min, then 42ЊC for 30 min, and finally terminated by heating to 65ЊC for 10 min.
PCR. We used primers described by Akopian et al. (14) for amplification of the ␣-SNS sequence from the total cDNA pool. These primers amplify a 572-bp fragment corresponding to nucleotides 2111-2683 (GenBank accession no. X92184). For subunit ␣-III, we used primers that amplify a 420-bp fragment in domain 1, including an alternatively spliced exon (29) . The forward primer (5Ј-GACCCATGGAATTGGTTG-GA-3Ј) corresponds to nucleotides 975-994; the reverse primer (5Ј-GACATAAAAGTGACTGTCATCTGC-3Ј) corresponds to nucleotides 1371-1394 (accession no. Y00766).
Rat ␤-actin sequences were coamplified using commercial primers (CLONTECH) for comparison to ␣-subunit transcripts. PCR from a cDNA template results in a 764-bp fragment, while a genomic template results in a 1440-bp fragment. A single DNA fragment, comigrating with the 800-bp marker, was detected in all PCR reactions, which indicates the absence of appreciable genomic DNA contamination (see Figs. 1 A and 3A).
Amplification was typically performed in a 60-l volume using 1 l of first-strand cDNA, 1.85 M (␣-SNS) and 2.25 M (␣-III) primer, and 1.75 units of Expand Long Template (Boehringer Mannheim) DNA polymerase enzyme mixture (30, 31) . The reaction mixture contained ␤-actin primers (0.66 M). Control PCR with template replaced by water produced no amplification products (data not shown). The PCR buffer consisted of 50 mM Tris⅐HCl (pH 9.2), 16 mM (NH 4 ) 2 SO 4 , 2.25 mM MgCl 2 , 2% (vol͞vol) dimethyl sulfoxide, and 0.1% Tween 20. Amplification was carried out in two stages (32): First, denaturation at 94ЊC for 4 min, annealing at 58ЊC for 2 min, and elongation at 72ЊC for 90 sec. Second, denaturation at 94ЊC for 1 min, annealing at 58ЊC for 1 min, and elongation at 72ЊC for 90 sec. The second stage was repeated 24 times (␣-SNS) or 34 times (␣-III) with the last elongation step extended to 10 min. Primer concentration and number of amplification cycles were empirically determined to ensure that amplification did not reach the plateau phase. Multiple amplifications were performed for every time point.
Amplification products were separated on a 1.6% agarose gel supplemented with 0.25 g͞ml ethidium bromide. Gel images were digitized using a GelBase 7500 system (Ultraviolet Products, San Gabriel, CA) with the grey scale converted to false colors. Gel tracks were scanned, and peaks corresponding to ␤-actin and ␣ subunits were quantified in autoanalysis mode. The level of ␣-subunit cDNAs in the cDNA pool was expressed as a͞(a ϩ b), where a and b are the areas under the peaks of ␣-subunit and ␤-actin, to minimize the effect of variations in quantity of input RNA, efficiency of reverse transcription, and͞or amplification among the samples. The level of the respective ␣ subunit in the axotomized (A) side was expressed as a ratio, comparing it to the level on the contralateral side (A͞C Ϯ SE). ORIGIN (Microcal, MA) software was used for statistical analyses.
In Situ Hybridization. Axotomized rats were deeply anesthetized with chloral hydrate and perfused with PBS and then with 4% paraformaldehyde in 0.14 M Sorensen's phosphate buffer, pH 7.4, at 4ЊC. Control and axotomized L4 and L5 DRG were collected, placed in fixative at 4ЊC for 2-4 hr, and immersed in 4% paraformaldehyde͞30% sucrose in 0.14 M phosphate buffer, pH 7.4, at 4ЊC. Sections (15 m) were placed on poly-(L-lysine)-coated slides and processed for ISH cytochemistry with sense and antisense riboprobes as previously described (26, 33) .
RESULTS

RT-PCR.
Comparison of the ␣-SNS amplification product, which migrates slightly faster than the 600-bp size marker for axotomized (A) and unlesioned contralateral (C) DRG consistent with its predicted length of 572 bp (14) , indicates that there is an initial brief (1 dpa) up-regulation of steady-state ␣-SNS transcripts followed by a more sustained downregulation that is most pronounced in the first week post axotomy (Fig. 1) . A single amplification product was observed for each template, showing that there is no appreciable genomic DNA contamination in the samples. Using identical experimental conditions, we found comparable levels of transcripts for both ␣-SNS and ␣-III in control and sham-operated DRG tissues (data not shown).
The down-regulation of ␣-SNS transcripts was observed using two different primer sets: the ␣-SNS-specific primer set described by Akopian et al. (14) (Fig. 1) for all time points discussed below and ␣-SNS-specific primers that amplify sequences of the loop joining domains 1 and 2 (residues 1476 -2129) for 7 dpa (data not shown). A similar pattern of ␣-SNS reduction was observed when templates from a more proximal dorsal root lesion were analyzed at 3, 7, and 21 dpa (data not shown).
Levels of ␣-SNS transcripts in the axotomized DRG were compared with those of the control contralateral DRG at 1, 3, 5, 7, 14, 21, 58, and 210 dpa. At least three independent amplification reactions were performed for each time point, with ␣-SNS amplification product normalized to the coamplified ␤-actin product. ␣-SNS levels were reduced in axotomized DRG at all postaxotomy times after 3 dpa (Fig. 2) . The same pattern of down-regulation of ␣-SNS transcripts was observed with and without normalization to the ␤-actin coamplification product at all time points; the 21-dpa result shown in Fig. 1B is an exception and is probably due to more input RNA in the A sample (note that there is more ␤-actin coamplification product in A for this experiment). The level of ␣-SNS transcripts appeared to increase slightly at 1 dpa (A͞C: 1.18 Ϯ 0.04). Levels of ␣-SNS transcripts then significantly decrease and fall below control levels, with an A͞C ratio of 0.6 Ϯ 0.03 at 5 dpa (on a single-cell basis, this may represent an underestimate of the reduction in levels of transcript, since the ligation procedure does not result in transection of all axons within the nerve). Analysis of samples at 58 and 210 dpa indicates that ␣-SNS transcript levels in the axotomized DRG remain reduced compared with their preaxotomy levels even at these long postaxotomy times (Fig. 2) .
The ␣-III subunit is expressed at low steady-state levels in adult DRG (refs. 13 and 26 and this study); therefore, quantification by RT-PCR was not attempted in this study. Qualitative analysis of the effect of axotomy on ␣-III transcripts was performed using ␣-III-specific primers (Fig. 3) . As for ␣-SNS, ␣-III sequences were coamplified with ␤-actin (Fig. 3A) . These experiments show that ␣-III transcript levels are up-regulated in the axotomized DRG tissue at 3 dpa, peak between 7 and 14 dpa, then decline by 21 dpa (Fig. 3A) . The same pattern of up-regulation is observed when the amplification products are not normalized to those of ␤-actin (Fig. 3B) . A similar result was observed using a generic primer set and REP with DraI to detect ␣-III (data not shown).
In Situ Hybridization. Sections of DRG hybridized with ␣-SNS and ␣-III sense riboprobes showed no specific labeling (not shown). In control DRG hybridized with ␣-SNS antisense riboprobe, ␣-SNS signal was present in most small (Ͻ30-m diameter) DRG neurons; in contrast, most large (Ͼ30-m diameter) DRG neurons did not exhibit ␣-SNS hybridization signal (Fig. 4a) . At 5 dpa (Fig. 4b) , ␣-SNS hybridization signal was not detectable, or was detectable at low levels, in most DRG neurons of all sizes.
In control DRG sections hybridized with ␣-III antisense riboprobe, most neurons did not display signal above background levels (Fig. 4c) . At 5 dpa, however, moderate-to-high levels of ␣-III hybridization signal were present in DRG neurons of all sizes (Fig. 4d) .
FIG. 2. ␣-SNS transcript levels following axotomy. Levels of ␣-SNS
transcripts in axotomized (A) and control (C) DRG were normalized to the coamplified ␤-actin transcripts. The A͞C ratio is shown at various dpa. The A͞C ratio of ␣-SNS transcripts in uninjured animals (indicated by C on the abscissa) is set at 1 and indicated by the dashed line. Four animals were used in the analysis at 5, 7, and 21 dpa, while two animals were used for each of the remaining time points. Mean Ϯ SE from at least three independent amplifications was used to calculate each point, employing the ORIGIN program. To confirm that ␣-SNS was decreased in both small and large DRG neurons, and that ␣-III was elevated in both groups of cells, we subdivided neurons into small (Ͻ30-m diameter) and large (Ͼ30-m diameter) subgroups (Table 1) . We observed a decrease in the percentage of large (control, 22%; postaxotomy, 16%) and small (control, 84%; postaxotomy, 28%) DRG neurons displaying moderate or high levels of ␣-SNS hybridization signal following axotomy. We also confirmed the increase in the percentage of large (control, 4%; postaxotomy, 25%) and small (control, 6%; postaxotomy, 33%) DRG neurons expressing moderate or high levels of ␣-III following axotomy.
DISCUSSION
The major findings of this study are that: (i) transcript levels for Na channel ␣-SNS are down-regulated in DRG neurons following axotomy; (ii) there is a concomitant up-regulation of the Na channel ␣-III transcript following axotomy; and (iii) these changes occur in both large and small DRG neurons.
Following axonal transection, the neuronal cell body displays retrograde changes that reflect disconnection from postsynaptic targets (34, 35) , changes in axo-glial interactions (36) , or an intrinsic reaction of the neuron to injury (37, 38) . These changes include altered excitability of the somadendritic compartment and axon initial segment (17, 19) , which involves Na-dependent electrogenesis (22, 23) . While these early experiments were interpreted as suggesting a shift in vectorial transport of channels in axotomized neurons (21, 24) , our results indicate that an altered pattern of gene expression contributes to the electrophysiological changes.
When studied at 18 dpa, large cutaneous afferent DRG neurons display a selective attenuation of slow, TTX-R Na currents and an enhancement of the fast, TTX-S Na currents (25) . An ISH study on ␣-I, -II, and -III mRNAs in axotomized DRG neurons demonstrated an up-regulation of Na channel mRNA ␣-I and -II, and the expression at moderate-to-high levels of ␣-III, which is present in embryonic DRG neurons but is barely detectable in adult nonlesioned DRG neurons (26) . The present results demonstrate that the up-regulation of ␣-III mRNA in DRG neurons peaks at 7-14 days following axotomy and then declines. Assuming that ␣-III corresponds to a fast, TTX-S Na current, these observations suggest that the expression of this Na current in DRG neurons following axotomy should show a similar time course.
In contrast to ␣-III, our results show a decrease in ␣-SNS transcripts in axotomized DRG. Comparison of ␣-SNS and ␣-III amplification products shows reciprocal changes in the transcripts of these two Na channels, possibly because they are influenced by opposing regulatory mechanisms. It is not clear how axotomy affects the expression of ␤-actin in DRG. mRNA encoding one form of ␤-tubulin is significantly increased, while neurofilament NF68 mRNA decreases following sciatic nerve axotomy (39) . The fact that steady-state levels of ␣-SNS transcripts are down-regulated, while ␣-III transcript levels are up-regulated in axotomized DRG, indicates that these effects do not represent a nonspecific increase in channel expression following axonal injury, and it suggests that normalization with respect to ␤-actin levels does not introduce a large systematic error. Indeed, while the fast, TTX-S Na current (25) and a delayed tetraethylammonium-sensitive K current (40) increase in DRG neurons following axonal injury, inward rectification decreases (19, 41) together with the slow, TTX-R Na current, consistent with down-regulation of the appropriate transcripts.
Our findings demonstrate a down-regulation of transcripts for ␣-SNS and an up-regulation of transcripts for ␣-III in both large and small DRG neurons. On the basis of these results, we are led to predict that, in addition to the attenuation of slow, TTX-R Na current that has been observed in axotomized cutaneous afferent DRG neurons (25) , an altered pattern of Na channel gene expression and a loss of slow, TTX-R sodium current should occur in small DRG neurons. Since these include nociceptive cells (42) , our observations may be relevant to the pathogenesis of neuropathic pain, which results from abnormal burst activity following axonal injury (43, 44) . Na currents in some DRG neurons display weak voltage dependence, with the open probability increasing over a large voltage domain (45) . In DRG neurons which express abnormal combinations of Na channels following axonal injury, window currents can overlap, and activation of weakly voltagedependent Na channels can produce subthreshold voltage excursions that trigger regenerative activity in steeply voltagedependent channels, generating inappropriate burst activity that is associated with pain and paresthesia (9) . On the basis of the present findings, we suggest that abnormal expression of Na channels encoded by ␣-III and ␣-SNS mRNA participates in this pathophysiologic process. 
